Mouse hepatitis virus (MHV) is a 31-kb positive-strand RNA virus that is replicated in the cytoplasm of infected cells by a viral RNA-dependent RNA polymerase, termed the replicase. The replicase is encoded in the 5-most 22 kb of the genomic RNA, which is translated to produce a polyprotein of >800 kDa. The replicase polyprotein is extensively processed by viral and perhaps cellular proteinases to give rise to a functional replicase complex. To date, two of the MHV replicase-encoded proteinases, papain-like proteinase 1 (PLP1) and the poliovirus 3C-like proteinase (3CLpro), have been shown to process the replicase polyprotein. In this report, we describe the cloning, expression, and activity of the third MHV proteinase domain, PLP2. We show that PLP2 cleaves a substrate encoding the first predicted membrane-spanning domain (MP1) of the replicase polyprotein. Cleavage of MP1 and release of a 150-kDa intermediate, p150, are likely to be important for embedding the replicase complex in cellular membranes. Using an antiserum (anti-D11) directed against the C terminus of the MP1 domain, we verified that p150 encompasses the MP1 domain and identified a 44-kDa protein (p44) as a processed product of p150. Pulse-chase experiments showed that p150 is rapidly generated in MHV-infected cells and that p44 is processed from the p150 precursor. Protease inhibitor studies revealed that unlike 3CLpro activity, PLP2 activity is not sensitive to cysteine protease inhibitor E64d. Furthermore, coexpression studies using the PLP2 domain and a substrate encoding the MP1 cleavage site showed that PLP2 acts efficiently in trans. Site-directed mutagenesis studies confirmed the identification of cysteine 1715 as a catalytic residue of PLP2. This study is the first to report enzymatic activity of the PLP2 domain and to demonstrate that three distinct viral proteinase activities process the MHV replicase polyprotein.
The RNA-dependent RNA polymerase or replicase of most positive-strand RNA viruses is translated from the genomic RNA as a large precursor polyprotein. The precursor polyprotein is then processed by viral and/or cellular proteinases to generate functional replicase enzymes. The processing of the replicase is critical for the appropriate localization, assembly, and function of the replicase complex. Understanding replicase processing is a key element in elucidating the mechanisms that control RNA virus replication.
The replicase of the murine coronavirus mouse hepatitis virus (MHV) is the largest and most complex viral RNA replicase yet identified. The gene encoding the replicase, gene 1, encompasses 22 kb of the 31-kb positive-strand RNA genome (4, 27) . Gene 1 contains two open reading frames (ORF1a and ORF1b) which overlap and have the capacity to generate a Ͼ800-kDa ORF1ab polyprotein (7, 27) . Gene 1 is the 5Ј-most gene in the viral genome and is translated immediately upon entry of the virus into the cell (9, 10) . Similar to other RNA viruses, MHV encodes proteinase domains in the replicase polyprotein. These proteinases mediate processing of the polyprotein into products. Sequence analysis of MHV genomic RNA led to the prediction of three proteinase domains: two papain-like cysteine proteinases, termed PLP1 and PLP2, and a domain similar to the poliovirus 3C proteinase and therefore designated 3C-like, 3CLpro (18, 19, 27) . Both PLP1 and 3CLpro have been shown to function during viral replication and help drive the processing of the ORF1ab replicase polyprotein into at least 15 products (2, 3, 5, 6, 8, 11, 12, 16, 17, 31-34, 37, 38) .
Processing of the MHV replicase polyprotein by viral proteinases is required for ongoing viral replication. This was shown in studies using protease inhibitor E64d, a cysteine protease inhibitor that blocks trans processing by PLP1 and 3CLpro (25, 31, 38) . In the presence of E64d, specific steps in replicase processing are inhibited and viral RNA synthesis ceases (31, 38) . These experiments clearly demonstrated the critical role of ongoing proteolytic processing during MHV viral RNA synthesis.
As a step toward understanding why proteolytic processing is critical for generating a functional MHV replicase complex, we are working to identify the replicase gene products and enzymes responsible for their release from the precursor polyprotein. Previously, we identified a 150-kDa ORF1a replicase product, p150, that is an intermediate between the nascent ORF1a replicase polyprotein and one ultimate product, 3CLpro (p27) (37) . We detected p150 by using a polyclonal antiserum to 3CLpro (anti-D12) and demonstrated that p150 is a precursor to p27. We speculated that the p150 intermediate extended upstream of the 3CLpro domain and included the putative membrane-spanning domain, MP1. The MP1 domain is thought to be critical for embedding the replicase complex into cellular membranes. In the study presented here, we show that p150 does indeed encompass MP1. We generated a polyclonal antiserum (anti-D11) that detected p150 and the MP1-containing cleavage product, p44, from MHV-infected cells. To identify the proteinase responsible for generating p150, we generated expression constructs encoding one of the three possible MHV proteinase domains and the substrate cleavage site. We report that the MHV PLP2 domain efficiently processes the putative MP1 cleavage site and that PLP2 can act in trans. This is the first report of enzymatic activity for MHV PLP2.
MATERIALS AND METHODS
Virus and cells. Plaque-cloned MHV strain JHM-X (35) was propagated on 17Cl-1 cells (43) maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal calf serum (FCS), 5% tryptone phosphate broth (TPB), 2% penicillin-streptomycin (P/S), and 2% 200 mM L-glutamine (L-glu). All tissue culture reagents were purchased from Gibco-BRL, Gaithersburg, Md. The infectivity of the virus stock was determined by plaque assay with murine delayed brain tumor (DBT) cells (23) as indicator cells. The DBT cells were grown in minimal essential medium supplemented with 5% FCS, 2% L-glu, 2% P/S, and 10% TPB. HeLa-MHVR cells (15) , which are HeLa cells stably transfected with the MHV receptor, were kindly provided by T. Gallagher, Loyola University, Chicago, Ill. HeLa-MHVR cells were grown in DMEM supplemented with 10% FCS, 0.5% P/S, 0.5% L-glu, and 5 mM sodium HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid) (pH 7.4).
Generation of anti-GST-D11 serum. The D11 region was generated by reverse transcription-PCR (RT-PCR) from RNA isolated from MHV-JHM-infected cells with primers FP30 and FP31 (Table 1) by using RNAzol B according to the manufacturer's instructions and as previously described (37) . The D11 region was cloned in frame with gluthathione S-transferase (GST) in the pGEX-KG vector, and fusion protein was induced by addition of 150 M IPTG (isopropyl ␤-D-thiogalactopyranoside) for 2 h, isolated and purified as previously described (37) . Rabbits were injected intramuscularly and subcutaneously with 1 mg of GST-D11 fusion protein emulsified in 1 ml of adjuvant (Freund's complete adjuvant for the first immunization and incomplete adjuvant for two subsequent immunizations). Serum was isolated from blood collected 10 to 14 days after each injection. The titer of sera taken after the second and third immunizations to GST-D11 fusion protein was Ͼ250,000.
Preparation of radiolabeled whole-cell lysates and immunoprecipitation. MHV-JHM infection, radiolabeling of proteins, preparation of whole-cell lysates, and immunoprecipitation were performed by our laboratory as previously described (37) , with two exceptions. First, HeLa-MHVR cells were used for all labeling experiments. Second, proteins were metabolically radiolabeled with Tran 35 S-label for 2 h, and infected cells were harvested at 7 h postinfection (hpi). For experiments involving proteinase inhibitor E64d (Matreya, Inc., Pleasant, Pa.), the drug was dissolved in dimethyl sulfoxide to generate a 100-g/l stock solution. E64d was added to the medium to a final concentration of 400 g/ml for 1 h prior to labeling and was also added to the methionine-free media during the starvation and radiolabeling of the cells. The antibodies used in this study included rabbit anti-p28 (2), anti-D3, anti-D10, and anti-D12 (37) polyclonal antisera and mouse anti-V5 monoclonal antibody (Invitrogen).
Generating expression constructs for MHV-JHM ORF1a. Constructs expressing specific regions of ORF1a were generated by RT-PCR amplification from RNA isolated from MHV-JHM-infected cells by using RNAzol B as previously described (37) . Following amplification with specific primers listed in Table 1 , products were purified, digested with the appropriate restriction enzymes, and then ligated into the polylinker region of specific vectors as follows: Cen-3CLpro was ligated into the XbaI-BglII site of pET-11d (Novagen), PLP2-Cen was ligated into the BamHI-XhoI site into pcDNA3.1/V5-His (Invitrogen), and Cen-MP1 was ligated into the BamHI-XbaI site into pcDNA3.1/V5-His. pPLP2-MP1 was generated by a two-step PCR procedure. PLP2-Cen and Cen-MP1 PCR products were digested with EcoRI, isolated, gel purified, and ligated together overnight in the presence of T4 ligase at 16°C. The ligated product was then as used a template for second-round PCR amplification with outside primers B204 and B207. The resulting product of 5,446 bp was digested with BamHI and XbaI, gel purified, and ligated into the BamHI-XbaI site of pcDNA3.1/V5-His. pPLP1/ MP1 was also generated by a two-step PCR procedure. The PLP1 domain was amplified from pT7-NBgl DNA (2) by using primers B165 and B190. The MP1 domain was amplified from pCen-3CLpro DNA by using primers B194 and B195. The two PCR products were digested with BglII, gel purified, and allowed to ligate overnight in the presence of T4 ligase at 16°C. The ligated product was used as a template and amplified by using outside primers B165 and B194. The resulting product of 3,937 bp was gel purified and ligated directly into the pCR-XL-TOPO vector (Invitrogen). Three plasmids, pPLP2-Cen, pCen-MP1, and pPLP2-MP1, required special growth conditions. After ligation, these plasmids were transformed into Escherichia coli DH5␣ cells by heat shock at 42°C for 90 s. The transformed bacteria were maintained in S.O.C. broth (2% [wt/vol] Bacto Tryptone, 0.5% [wt/vol] yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO 4 , 20 mM glucose) at room temperature (20 to 25°C) for 1.5 h and then plated on Luria-Bertani plates containing 50 g of ampicillin per ml and incubated at room temperature for 4 to 5 days. Under these conditions, a majority of bacteria retained the full-length insert, but the transformed colonies grew slowly and were smaller than typical colonies. All subsequent incubation steps using these transformed bacteria (such as for minipreps and large-scale plasmid preparations) were also performed at room temperature.
Plasmid DNA purification. Small-scale purification of plasmid DNAs was performed with the Wizard purification system according to the manufacturer's instructions (Promega). Large-scale purification of plasmid DNAs was prepared by using an ammonium acetate precipitation method (36) with some modifications. Briefly, transformed bacteria from 250 ml of liquid culture (optical density at 600 nm of 0.6 to 1.0) were resuspended in 10 ml of cell resuspension solution (50 mM Tris-HCl, [pH 7.5], 10 mM EDTA, 100 g of RNase A per ml). The cells were lysed by adding 10 ml of cell lysis solution (0.2 M NaOH, 1% sodium dodecyl sulfate [SDS] ) and neutralized with 10 ml of neutralization solution (1.32 M potassium acetate [pH 4.8]). The mixture was centrifuged at 12,000 ϫ g for 10 min at 4°C. Supernatant was transferred to a new tube, and 0.6 volume of isopropanol was added. Samples were mixed by inversion and incubated at room temperature for 10 min prior to centrifugation at 12,000 ϫ g for 10 min at 4°C. After centrifugation, the pellet containing crude plasmid DNA was resuspended in 4 ml of 2 M ammonium acetate (pH 7.4) by gentle rocking and incubated on ice for 10 min. After centrifugation (10 min at 12,000 ϫ g), the supernatant was transferred to a fresh tube, 4 ml of isopropanol was added, and the combination was mixed by inversion and incubated at room temperature for 10 min. Centrifugation was performed at 12,000 ϫ g for 10 min at 4°C. The final DNA pellet was resuspended in 2 ml of sterile, deionized water, and 5 l of 10-mg/ml RNAase was added for 20 min at 37°C. Following RNase treatment, 1 ml of ice-cold 7.5 M ammonium acetate (pH 7.6) was added, and the sample was mixed by inversion. The sample was then incubated at room temperature for 5 min followed by centrifugation at 12,000 ϫ g for 10 min at room temperature. The supernatant was transferred to a new tube, and 3 ml of isopropanol was added, mixed by inversion, and incubated at room temperature for 10 min. Centrifugation was performed at 12,000 ϫ g for 10 min at room temperature. The resulting pellet was washed with 70% ethanol and resuspended in sterile, deionized water for future use. Gel purification of digested plasmid DNAs. All plasmid DNAs digested with the appropriate restriction enzymes were gel purified by the crystal violet (CV) method according to the manufacturer's instructions (Invitrogen) with some modifications. Briefly, 40 l of digested DNA (0.2 to 2 g) was mixed with 8 l of 6ϫ CV loading buffer (100 g of CV per ml, 20 mM EDTA, 30% glycerol) and loaded onto a 0.8% agarose gel containing CV (20 to 40 l of 2-mg/ml CV stock solution in 50 ml of 0.8% agarose gel in 1ϫ TAE buffer [0.04 M Tris-acetate, 0.001 MEDTA]). The DNA was subjected to electrophoresis at 80 V in 1ϫ TAE buffer for 30 min (or until the DNA band of interest was approximately halfway down the gel). The DNA was visible as a blue band, excised from the gel, and transferred to a new tube containing 2.5 volumes of sodium iodide solution (6.6 M sodium iodide, 16 mM sodium sulfite). The mixture was incubated at 50°C for 2 min or until the gel had completely melted. The tube containing the mixture was placed at room temperature, 1 volume of Wizard miniprep binding resin (Promega) was added, and the combination was mixed by vortexing. The DNAresin mixture was poured into a Promega Wizard Plus SV miniprep spin column, fitted into a 2-ml microcentrifuge tube, and subjected to centrifugation at 3,000 ϫ g for 30 s. The DNA-resin complex was trapped on the filter and washed twice with 400 l of washing solution (1 mM NaCl, 75% ethanol). After the washing solution was discarded, the column was spun at maximum speed to dry the DNA-resin for 3 min. The DNA was eluted from the resin with 40 l of sterile, deionized water. The DNA concentration was estimated by running 10 l of the eluted DNA on a 1% agarose gel containing 0.5 g of ethidium bromide per ml.
Transfection and vaccinia virus T7 expression of MHV-ORF1a products. Plasmid DNAs encoding specific regions of MHV-JHM ORF1a were transfected into HeLa-MHVR cells infected with vaccinia virus expressing T7 polymerase (vTF7.3; kindly provided by B. Moss, National Institutes of Health, Bethesda, Md.) (14) . Briefly, monolayer cultures of 50 to 80% HeLa-MHVR cells in 60-mm-diameter petri dishes were infected with vTF7.3 at a multiplicity of infection of 10 for 1 h. The cells were then rinsed with phosphate-buffered saline (PBS) and transfected with 1 g of plasmid DNA in 20 l of 2-mg/ml Lipofectamine (Gibco-BRL, Bethesda, Md.) for 3 h, following the manufacturer's instructions. At 4 hpi, the media were replaced with serum-containing DMEM to allow the cells to recover from transfection. At 5 hpi, cells were washed with PBS and the media were replaced with methionine-free medium. At 5.5 hpi, Tran 35 Slabel (50 Ci/ml) was added to the medium to radiolabel newly synthesized proteins. Whole-cell lysates were prepared at 10.5 hpi and subjected to immunoprecipitation as described above.
Mutagenesis of pPLP2-Cen. Plasmid DNA pPLP2-Cen was subjected to sitedirected mutagenesis by using synthetic oligonucleotides with single-nucleotide mismatches and amplification with high-fidelity Pfu DNA polymerase according to the manufacturer's instructions (QuickChange Site-Directed Mutagenesis; Stratagene). Briefly, polyacrylamide gel electrophoresis (PAGE)-purified oligonucleotides B212 and B213 (Table 1) were annealed and extended on the pPLP2-Cen template DNA by using Pfu DNA polymerase. The template DNA was subjected to 12 cycles of amplification with denaturation at 95°C for 30 s, annealing of oligonucleotides at 55°C for 1 min, and DNA extension at 68°C for 17 min. The template DNA was digested with DpnI, and the amplified DNA was transformed into Epicurian coli XL1-Blue supercompetent cells (Stratagene). Plasmid DNA was isolated from the bacteria, and the PLP2-Cen coding region was sequenced to confirm the point mutation and to ensure that no other mutations were introduced during the mutagenesis procedure. The resulting plasmid was designated pPLP2-C1715G. By the same procedure, PAGE-purified oligonucleotides B215 and B216 (Table 1) were used to change the PLP2 nu-FIG. 1. Detection of p150 and p44 from MHV-infected cells by using anti-D11 serum. (A) Hydrophobicity plot of the predicted p150 region and schematic diagram of reported and predicted products (17, 37) . The D11 and D12 domains, to which antisera were generated, are depicted. Solid diamonds indicate confirmed MHV 3CLpro cleavage sites, and open diamonds indicate predicted 3CLpro sites. The putative p150 cleavage site is indicated by the open arrowhead. MP1 and MP2, the predicted membrane-spanning domains (27) , are indicated. (B) Immunoprecipitation of replicase products from MHV-infected cells. Radiolabeled lysates were prepared from uninfected (U) or MHV-infected (I) HeLa-MHVR cells and subjected to immunoprecipitation with preimmune serum (Pre) or serum from rabbits immunized with GST-D11 or GST-D12 protein (Imm). Products were analyzed by electrophoresis on SDS-5 to 10% polyacrylamide gels. The gels were processed and subjected to autoradiography. MHV-specific proteins p150, p44, and p27 are indicated.
cleotide sequence such that cysteine 1721 was converted to a glycine, and the resulting plasmid was designated pPLP2-C1721G.
RESULTS
Previously, we identified a 150-kDa replicase intermediate from MHV-infected cells by using antibodies to the 3CLpro domain (37) . We proposed that p150 extended from a putative PLP cleavage site upstream of the MP1 domain to the end of ORF1a. To determine if p150 did extend into the MP1 domain and to identify putative p150 cleavage products, we generated an antiserum to an 86-amino-acid region of the MP1 region that encoded a small, predicted hydrophilic domain. This domain was designated D11 (Fig. 1A) . As described in Materials and Methods, this D11 region was expressed as a GST fusion protein in bacteria. The fusion protein was purified and used to immunize rabbits to generate a polyclonal antiserum, anti-D11. Upon testing the specificity of this antiserum with radiolabeled cell lysates from uninfected and MHV-infected cells, the p150 protein and a newly identified MHV product, p44, were detected (Fig. 1B, lane 4) . The p150 replicase product migrates slightly faster on the gel than a nonspecific product, which may represent small amounts of uncleaved spike glycoprotein that bind to the protein A-Sepharose beads, which is detected with all tested preimmune and immune antisera (Fig.  1B, lanes 2, 4, 6, and 8) . The p150 replicase product precipitated with anti-D11 appears to be identical to that detected by immunoprecipitation with anti-D12 (Fig. 1B, compare lanes 4  and 8) . These results indicate that p150 contains both the MP1 domain and the 3CLpro region.
To determine if p150 and p44 exhibited a precursor-product relationship, we performed pulse-chase analysis. MHV-infected cells were radiolabeled for 30 min, and cells were washed with PBS and incubated in medium containing excess cold methionine. Cell lysates were prepared at the times indicated and subjected to immunoprecipitation with anti-D11 serum. At early times (0, 15, and 30 min of chase), immunoprecipitation with anti-D11 revealed the p150 product ( Fig. 2A) . This suggests that processing of p150 is very rapid and likely occurs cotranslationally. With increasing periods of chase, the amount of p150 diminished with a concomitant increase in p44. The kinetics of the processing of p150 into products was the same as we previously reported for processing of p150 to generate p27 (37) .
It has previously been shown that MHV proteinases are sensitive to the cysteine protease inhibitor E64d. Lu and coworkers demonstrated that E64d inhibits the autoproteolytic processing of 3CLpro (p27) (31) . In addition, E64d has been shown to inhibit PLP1 processing of p65, but not the rapid cis cleavage by PLP1 to generate p28 (25) . To determine if processing of p150 was sensitive to E64d, we radiolabeled MHV proteins in the presence and absence of E64d and subjected the lysates to immunoprecipitation with specific antisera. We found that processing of p44 and p27 was inhibited by E64d (Fig. 2B, lanes 2 and 4) . However, the processing event required to generate p150 was not inhibited by E64d. As shown in Fig. 1A , the cleavage site between p44 and p27 is a conserved LQ/S site recognized by the 3CLpro (33) . When 3CLpro activity is inhibited by E64d, only the precursor p150 is detected. These results indicate that a proteinase other than 3CLpro likely mediates the processing of p150.
To identify the proteinase responsible for generating p150, we designed and generated expression constructs encoding the region predicted to contain the cleavage site with a region encoding one of the three possible viral proteinase domains (Fig. 3) . The MHV replicase ORFs depicted were generated by RT-PCR and cloned into a plasmid vector downstream of a T7 promoter as described in Materials and Methods. Plasmid DNA was transfected into vTF7.3-infected cells, newly synthesized proteins were labeled with Tran 35 S-label, and products were detected by immunoprecipitation with specific antibodies. We found that the construct encoding the PLP2 domain expressed a polyprotein of 199 kDa that was efficiently processed to generate p44 (Fig. 4A) . The processed product p44 was detected by the anti-D11 antiserum and with a monoclonal antibody (anti-V5) directed against the epitope tag expressed as part of this construct. This is the first evidence of proteinase activity of the MHV PLP2 domain.
Interestingly, a chimeric construct encoding the MHV PLP1 domain fused with the MP1 domain exhibited a low level of processing (Fig. 4B, lane 6) . A small amount of processed product of approximately 44 kDa was detected after overnight labeling, suggesting that PLP1 may recognize the MP1 cleavage site very inefficiently. Alternatively, there may be conformational requirements for PLP1 recognition of the MP1 cleavage site.
We also tested 3CLpro for its ability to cleave the MP1 cleavage site, since it had been previously suggested that 3CLpro may recognize an LK/R cleavage site and process the MP1 domain (see Table 1 in reference 27). In Fig. 4C , lane 4, we show that the 3CLpro domain is active in this expression construct and efficiently cleaves itself to release p27. However, the upstream cleavage site for the release of p44 is not recognized and processed. The upstream product has a predicted mass of 104 kDa, but the protein migrates to approximately 80 kDa under the SDS-PAGE conditions, likely due to the MP1 hydrophobic domain.
The analysis of the first three constructs, pPLP2-MP1, pPLP1/MP1, and pCen-3CLpro, demonstrated that a polypro- tein containing the PLP2 domain generated a proteinase activity that was capable of cleaving the MP1 cleavage site and generating p44. To determine if the PLP2 domain itself could act in trans to mediate the cleavage of p44, we generated a construct expressing the substrate cleavage site (pCen-MP1) and cotransfected it with plasmids encoding individual proteinase domains (see Fig. 3 for diagrams of each construct). As a first step, we tested each construct for the expression of the appropriate product. Cells infected with vaccinia virus encoding the T7 polymerase were transfected with plasmid DNA encoding the domain of interest under the control of the T7 promoter as described above. Newly synthesized proteins were labeled with Tran 35 S-label and detected by immunoprecipitation with specific antibodies. We found that each plasmid encoded the expected products (Fig. 5A) . pPLP2-Cen encoded a protein predicted to be 107 kDa (Fig. 5A, lane 3) . The plasmid DNAs encoding the PLP1 domain (pT7-NBgl [2] ) and 3CLpro domain (pET-3Cpro [37] ) were shown to encode active proteinases, as demonstrated by their ability to process their respective polyproteins and produce p28 and p27 (Fig. 5A, lanes  5 and 10) . The substrate encoding the putative MP1 cleavage site was also expressed and detected with either the anti-D11 antibody or the anti-V5 antibody that was directed to the epitope tag (Fig. 5A, lanes 12 and 13) .
Next, plasmid DNA encoding the substrate (pCen-MP1) was cotransfected with plasmid DNA encoding a proteinase domain into vTF7.3-infected cells, and proteolytic processing was monitored by immunoprecipitation of radiolabeled proteins as described above. We found that the protein encoded by the PLP2 domain mediated efficient processing of the substrate to release p44 (Fig. 5B, lane 2) . Using the anti-V5 antibody, we found that both the PLP2 protein and the processed product p44 were detected (Fig. 5B, lane 3) . This result shows that the PLP2 proteinase can act in trans to generate p44. In contrast, neither PLP1 nor 3CLpro was able to act in trans to release p44 (Fig. 5B, lanes 6, 7, 10 to 12, and 14) . We verified the activity of PLP1 and 3CLpro by detecting their autoproteolysis products p28 and p27, respectively (Fig. 5B, lanes 4, 8, and 13 ). We noted that the anti-D11 serum did not detect either the precursor or a small amino-terminal product of the pET-3Cpro translation product (Fig. 5, lane 12) (data not shown). The absence of the precursor reflects the rapid autoproteolytic processing by 3CLpro to generate p27. The amino-terminal product of pET-3Cpro is likely rapidly degraded or is folded in such a way that the anti-D11 serum cannot precipitate the truncated product. Overall, we concluded that enzymatically active forms of PLP1 and 3CLpro were unable to recognize and process the Cen-MP1 substrate in trans. Only protein products containing the PLP2 domain efficiently recognized the MP1 cleavage site to generate p44.
To determine if the predicted catalytic cysteine residue of PLP2 is required for proteinase activity, we performed sitedirected mutagenesis on the pPLP2-Cen plasmid DNA and tested PLP2 mutant products for proteinase activity. The predicted catalytic cysteine and histidine residues, cysteine 1715 and histidine 1872, are shown aligned with the essential catalytic residues of MHV PLP1 (Fig. 6A) . (Note that the amino acid numbering has been modified from the original published sequence of Lee et al. [27] by using the data of Bonilla et al. [4] .) The predicted catalytic cysteine residue 1715 and downstream cysteine residue 1721 were mutated to glycine by oligonucleotide-mediated site-directed mutagenesis as described in Materials and Methods. Plasmid DNAs encoding the wildtype or mutant PLP2 domain were cotransfected with the pCen-MP1 DNA into HeLa-MHVR cells and analyzed for trans-cleavage activity as described above. The PLP2 protein with a cysteine-to-glycine substitution at position 1721 was able to process the pCen-MP1-encoded protein and generate p44 (Fig. 6, lanes 3 and 4) . The amount of p44 is reduced compared to that generated by the wild-type PLP2 product (lanes 1 and  2) , perhaps due to inefficient folding or altered conformation of the proteinase, but enzymatic activity is detected. In contrast, PLP2 containing a glycine substitution of the predicted catalytic cysteine 1715 residue does not cleave the Cen-MP1 substrate, and no p44 is detected (lanes 5 and 6) . This result provides experimental evidence for the predicted activity and essential catalytic cysteine residue of the second papain-like cysteine proteinase domain of MHV (27) .
DISCUSSION
In this report, we show that the predicted second papain-like proteinase domain of the MHV replicase polyprotein encodes an active enzyme. PLP2 cleaves a site located just upstream of the first predicted membrane-spanning domain in the replicase polyprotein. Processing the replicase polyprotein at this site generates the p150 replicase intermediate that is likely critical for embedding the replicase complex into cellular membranes. p150 itself is extensively processed by MHV 3CLpro (37) . In addition, the region upstream of p150 is processed by the PLP1 domain (2, 3, 5, 6, 8, 16) . Therefore, at least three distinct proteinase activities, PLP1, PLP2, and 3CLpro, are required for the maturation of the MHV replicase complex.
Previously, we identified the p150 intermediate as a precursor to the MHV 3C-like proteinase, p27 (37) . We proposed that the p150 intermediate extended upstream of p27 (3CLpro) and encompassed MP1. In this study, we generated an antiserum to a region of MP1 and used it to immunoprecipitate MHV replicase products from virus-infected cells. The new antiserum, anti-D11, detected p150 and a product of 44 kDa, p44 (Fig. 1B) . Using pulse-chase analysis, we showed that there is a precursor-product relationship between p150 and p44 ( Fig. 2A) . Furthermore, p150 is rapidly generated in MHV-infected cells. The p150 intermediate is processed by the action of 3CLpro to generate p44, p27, and additional products. These 3CLpro-mediated cleavages can be inhibited by proteinase inhibitor E64d, but the cleavage of p150 is not inhibited (Fig. 2B) . These results suggested that another proteinase, not 3CLpro, is responsible for processing the replicase polyprotein upstream of the MP1 domain and generating p150.
By assessing the ability of each of the three MHV proteinase domains to cleave a polyprotein substrate representing the region upstream of the MP1 domain (the putative MP1 cleavage site), we determined that only PLP2 efficiently cleaves the   FIG. 4 . Analysis of proteolytic activity of PLP1, PLP2, and 3CLpro-containing polyproteins for the ability to cleave the predicted p150 cleavage site and release p44. HeLa-MHVR cells were infected with vaccinia virus vTF7.3 encoding the T7 polymerase and transfected with the indicated plasmid DNA. Proteins were labeled by the addition of Tran 35 S-label to the medium from 5.5 to 10.5 or 5.5 to 23.5 hpi, as indicated in the diagram. At the end of the labeling, cell lysates were prepared and subjected to immunoprecipitation with either MHV-specific polyclonal antisera (anti-D3, -D10, -D11, and -D12) or a mouse monoclonal antibody to an epitope tag included in the construct (anti-V5). Immunoprecipitated products were analyzed by electrophoresis on SDS-5 to 10% polyacrylamide gels, processed, and subjected to autoradiography. A schematic diagram of the expected products is on the left, and arrows on the right indicate the plasmid DNA-expressed products detected. (A to C) Expression products generated from pPLP2-MP1 DNA (A), pPLP1/MP1 DNA (B), and pCen-3CLpro DNA (C). substrate (Fig. 4A) . Furthermore, the PLP2 proteinase can process the MP1 cleavage site in trans (Fig. 5B) . In contrast, catalytically active PLP1 and 3CLpro enzymes are unable to efficiently process the MP1 cleavage site. Finally, mutagenesis of the predicted catalytic residues of PLP2 knocked out the proteinase activity (Fig. 6 ), indicating that PLP2 does indeed encode the enzymatic activity.
PLP2 activity has been postulated for 9 years (27) , but has eluded analysis for at least two reasons. First, we found that plasmid DNAs encoding the PLP2-MP1 region are unstable and may undergo deletion if the transformed bacteria are maintained at 37°C. We encountered this instability regardless of the vector or bacterial strain that was used to propagate the plasmid. However, if PLP2-MP1-encoding plasmids are maintained in transformed bacteria grown at room temperature, the plasmid DNA was retained and amplified intact. Once we established conditions to maintain and propagate plasmids encoding the PLP2-MP1 domain, we could isolate sufficient quantities of plasmid DNA for transfection experiments and monitor the enzymatic activity of the expressed protein products (see Materials and Methods). The second reason that PLP2 activity has been difficult to assess is because the putative substrate cleavage site was only recently identified (37) . In previous studies using expression constructs or a recombinant fusion protein of maltose binding protein (MBP) and PLP2, the investigators were unable to demonstrate PLP2 enzymatic activity (5, 44) . However, it should be noted that the PLP2 activity was tested on PLP1 cleavage sites. Therefore, it will be interesting to reexamine the activities of these PLP2 expression constructs and the MBP-PLP2 fusion protein when they are presented with the appropriate substrate.
One of the most important results from our studies is the demonstration that PLP1 and PLP2 proteinases recognize and process cleavage sites with different levels of efficiency. Expression studies using constructs encoding the PLP1 proteinase domain demonstrated that PLP1 efficiently processes the amino-terminal product of the replicase polyprotein to release p28 ( Fig. 5A) (2, 3) . In addition, PLP1 has also been shown to act in trans to process the p65 cleavage site (6). Site-directed mutagenesis studies of the determinants of the p28 cleavage sites revealed that the P5 (arginine or lysine), P2 (arginine), and P1 (glycine or alanine) positions are critical for recognition and processing of p28 by PLP1 (13, 24) . The p65 cleavage site showed similar dependence on glycine or alanine in the P1 position and arginine or lysine in the P5 position. Furthermore, the p28 and p65 cleave sites could be interchanged and processed by PLP1 (6) . In contrast, PLP1 recognizes the MP1 cleavage site very inefficiently in cis (Fig. 4B, lane 6 ) and does not process this site in trans (Fig. 5B, lanes 6, 7, 10, and 11 ). Do these differences in processing efficiency reflect distinct substrate specificity (i.e., that PLP2 will recognize different cleavage site determinants from those of PLP1) or show that the overall conformation of the polyprotein and the presentation of the cleavage site to the proteinase are the most critical factor for cleavage site recognition? Our future studies will be directed at identifying the critical determinants of the PLP2 enzymatic activity (such as the catalytic histidine residue and putative zinc-binding domain) and the cleavage site recognized by this proteinase. Comparison of the catalytic region and the determinants of the cleavage sites should help us understand the factors that control the specificity of the PLP1 and PLP2 enzymes.
Recent advances in the analysis of the viral cysteine proteinases will help direct these studies. A defined crystal structure has been solved for the leader cysteine proteinase of foot and mouth disease virus (FMDV Lpro) (20) . This study revealed that FMDV Lpro adopts a compact version of the characteristic papain fold, with catalytic cysteine and histidine residues opposite each other in the groove where the polypeptide resides. Furthermore, a computer-generated structural analysis of the PLP1 domain human coronavirus 229E predicts similar spacing of catalytic cysteine and histidine residues, as seen in the crystal structure of papain and FMDV (22) . This study goes on to propose and provide some experimental evidence that the coronavirus cysteine proteinases (PLP1 and PLP2) depend upon a zinc-binding finger to connect and stabilize the two domains that make up the papain-like fold of the enzyme. Such zinc-binding domains have been shown to be essential for the viral cysteine proteinases of human rhinovirus (40, 41) and hepatitis C virus (30, 42) . It will be interesting to determine if MHV PLP1 and PLP2 bind zinc and if the predicted zincbinding domain is required for enzymatic function.
A working model of how the MHV replicase polyprotein is processed is presented in Fig. 7 . The model extends and modifies previous models for processing MHV ORF1a (32, 37) . As shown in this study, the anti-D11 serum detects the p150 intermediate and the p44 processed product of MHV ORF1a. PLP2 likely acts on the nascent polyprotein and rapidly generates p150. This working model shows that three distinct proteinases are required for processing the MHV replicase. Processing of the replicase of another member of the order Nidovirales, Equine arteritis virus (EAV), also requires three distinct proteinase activities. The EAV replicase polyprotein 1ab is processed into 12 products, and the ORF1a products are involved in the membrane association of the complex (45) . Indeed, the second cysteine proteinase of EAV is responsible for generating the hydrophobic nsp3 replicase product, which is analogous to the MHV p44 product. EAV nsp3 is thought to be an important scaffolding component of the replicase complex (45) . The avian coronavirus infectious bronchitis virus (IBV) also releases a hydrophobic ORF1a replicase product, termed p41 (29) . Interestingly, IBV encodes only one PLP activity that is responsible for processing glycine/glycine cleavage sites both upstream and downstream of the proteinase domain (29) . Other coronaviruses, such as human coronavirus 229E, have been shown to encode PLP1 and PLP2 domains, but to date, only PLP1 has been shown to encode enzymatic activity (21) .
The processing of the MHV ORF1a polyprotein is complex and generates at least 12 distinct products. Why is the MHV replicase polyprotein (and indeed all nidovirus replicase polyproteins) so large and processed into so many distinct intermediates and products? Why are three distinct proteinases required for processing the MHV and EAV replicase polyproteins? The answers to these questions are currently unclear, but likely revolve around the requirements for accurate replication of a large (12 to 31 kb) genomic RNA, for mediating discontinuous transcription of a nested set of mRNAs, and for high-frequency RNA recombination, all features of nidovirus RNA synthesis (26) . There may in fact be distinct replicase conformations or complexes that mediate specific activities, such as positive-and negative-strand RNA synthesis.
It has been elegantly demonstrated that the replicase of Sindbis virus (SV) requires only a single proteinase, nsp2, to sequentially process the SV replicase polyprotein into intermediates that function in negative-strand RNA synthesis. nsp2 then acts in trans to process the intermediates into four products that function in positive-strand RNA synthesis (28, 39) . We hypothesize that the MHV replicase requires three distinct proteinase activities to generate the intermediates and products that function in the different stages of MHV RNA synthesis. Replicase intermediates such as p150, which contains two predicted membrane-spanning domains, may be critical for localizing the replicase complex to membranous sites in the cell. The size and complexity of the replicase may also be necessary to mediate functions that are uniquely required for the discontinuous transcription of mRNAs. In addition, some of the replicase products may function as a putative mismatch repair system that may be responsible for maintaining the genetic integrity of the 31-kb RNA genome (1). A more detailed understanding of the replicase intermediates and products is important so that individual replicase products (and uncleaved intermediates) can be expressed and assessed for their ability to localize within the cell, interact with host cell proteins, and complement RNA temperature-sensitive mutants. Such studies will help elucidate the mechanisms of MHV transcription and replication. and serum collection. We thank Nopporn Sittisombut, Chiang Mai University, Chiang Mai, Thailand, for helpful advice on cloning techniques and Anne Rowley, Northwestern University, Chicago, Ill., for helpful advice and comments on the manuscript. This work was supported by Public Health Service research grant AI 32065 to S.C.B.
